The low temperature kinetics of the reactions of OH with ethanol and propan-2-ol have been studied using a pulsed Laval nozzle apparatus coupled with pulsed laser photolysis -laser induced fluorescence (PLP-LIF) spectroscopy. The rate coefficients for both reactions have been found to increase significantly as the temperature is lowered, by~a factor of 18 between 293 and 54 K for ethanol, and by~10 between 298 and 88 K for OH + propan-2-ol. The pressure dependence of the rate coefficients provide evidence for two reaction channels; a zero pressure bimolecular abstraction channel leading to products and collisional stabilization of a weakly bound OH-alcohol complex. The presence of the abstraction channel at low temperatures is rationalized by a quantum mechanical tunneling mechanism, most likely through the barrier to hydrogen abstraction from the OH moiety on the alcohol.
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INTRODUCTION
The reactions of OH with alcohols such as ethanol and propan-2-ol have been extensively studied at ambient and high (T < 800 K) temperatures owing to their relevance to atmospheric and combustion chemistry, and more specifically, the investigation of ethanol as a potential biofuel. [1] [2] [3] [4] [5] [6] In addition, both ethanol and OH have been detected in interstellar molecular clouds and star forming regions (hot and cold cores) such as W3(OH) and Sgr B2, where temperatures can reach as low as 40 K. [7] [8] [9] [10] [11] [12] [13] Millar et al. 12 suggested that ethanol could potentially be used as a chemical clock for hot cores if the kinetics of its reactions with species including the hydroxyl radical were better understood at temperatures pertinent to such environments. Conducting kinetic studies with species known to be present in these cold environments is important for the advancement of chemical models of these regions. However, recent low temperature studies of neutral-neutral reactions have shown that the temperature dependence of their rate coefficients is often complex and poorly understood, and so kinetic data close to ambient temperatures cannot simply be extrapolated. [14] [15] [16] [17] From previous studies it is acknowledged that at temperatures above 200 K, the reactions of OH with alcohols appear to proceed via a direct, bimolecular hydrogen abstraction mechanism (R1). 2, 6, 17, 18 + R1
Such reactions exhibit parallel product channels depending on the moiety from which hydrogen abstraction occurs. For the reactions of OH with ethanol or propan-2-ol, there are three possible channels:
Extensive studies of deuterated analogues of OH + ethanol by Carr et al. have revealed that at ambient and high temperatures, abstraction from the methylene centre (R2b) is the dominant pathway. 6 Theoretical studies on this system have shown that this pathway has the lowest barrier to hydrogen abstraction and R2c has the highest. [18] [19] [20] [21] Kinetic studies of the reaction of OH with various deueterated analogues of propan-2-ol were performed by Dunlop and Tully between 293-502 K. 4 Analysis of the observed kinetic isotope effects demonstrated that abstraction of the alpha hydrogen (R3b) dominated, but with a significant contribution from the beta abstraction channel (R3a) that increases with temperature.
Ab initio stationary point calculations by Galano et al. on this system showed that abstraction from the CH group (R3b) is barrierless, whereas channels R3a and R3c exhibited barriers, which is in agreement with the experimental observations by Dunlop and Tully. 20 Whilst the overall bimolecular rate coefficient for the OH + propanol reaction exhibits little dependence on temperature, which is supportive of the reaction proceeding largely via a barrierless pathway, the rate coefficient is around two orders of magnitude below the gas kinetic limit across the temperature range at which this reaction has until now been studied, indicating that channels with positive barriers are also contributing to the overall rate coefficient, as substantiated by the deuterated work of Dunlop and Tully.
Recent low temperature kinetic studies performed in this laboratory on the reaction of OH with methanol have shown that, unusually, the rate coefficient increases by a factor of 56 between 298
and 56 K despite the presence of barriers (9.2 and 16.5 kJ mol -1 ) to abstraction upon the potential energy surface (PES) to form CH 2 OH and CH 3 O, respectively. 17, 22 At low temperatures, the reaction leads to the formation of water vapor and the methoxy radical (CH 3 O) as products. 17 The increase in the rate coefficient is attributed to quantum mechanical tunneling through the barrier to hydrogen abstraction, a mechanism which has also been observed in the reactions of OH with dimethyl ether and acetone, 15 and is expected to be applicable to reactions of OH with other oxygenated VOC reactions at very low temperatures. It is notable that the observed low temperature product of the OH reaction with methanol predicted by master equation modeling was not CH 2 OH, which would be obtained via tunneling through the lowest energy pathway.
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In this paper we report the results of a kinetics study of the reactions of OH with ethanol and with propan-2-ol in the range 54 to 148 K using a pulsed Laval nozzle apparatus, and discuss the possible mechanisms to explain the observed temperature and pressure dependencies of the rate coefficients.
EXPERIMENTAL
The apparatus and experimental procedure has been described in detail previously and thus only a brief outline is given here. 15, 23 The mixture of reagent and bath gases is expanded supersonically in~10-20 ms pulses, depending on the nozzle used, through the convergent-divergent shaped Laval nozzle into a low pressure stainless steel chamber producing a thermally equilibrated, low temperature jet. The temperature and density of the jet are characterized by impact pressure measurements and the temperature also by rotationally-resolved laser-induced fluorescence spectroscopy. The short gas pulses are achieved using two pulsed solenoid valves (Parker 9 series) which control the flow of gas from a 1 cm 3 reservoir region through the Laval nozzle. The properties of the characterized expansions used in this study alongside the experimental results, are given in Table 1 . The off-resonant fluorescence at~308 nm was imaged using two lenses and monitored using a photomultiplier tube (Thorn EMI) fitted with a 308 nm interference filter (Barr associates max = 308.5 nm, FWHM = 5 nm) positioned above the axis of the jet and laser beams. The temporal evolution of the OH radicals is recorded by varying the time delay between the photolysis and probe lasers. At very short times following photolysis, probe laser excitation scans revealed the presence of rotationally excited OH, which rapidly relaxes to the temperature of the jet obtained independently by impact pressure measurements.
The reaction scheme for the formation and removal of OH is given by:
where is an initially rotationally excited hydroxyl radical, formed in v=0 from photolysis of the precursor, and is the rate coefficient for rotational relaxation of the rotationally excited hydroxyl radical into the laser-probed level, OH. For pseudo-first-order conditions
where k obs is the pseudo-first-order rate coefficient and is the rate coefficient for the loss of OH out of the fluorescence detection region via diffusion and reaction with the peroxide precursor.
[OH]t is obtained using a standard integrating factor method assuming that the photolytic production of OH and OH * is instantaneous, and that rotational relaxation is much conditions and in addition the reagent concentration did not exceed 2 % of the total gas flow.
RESULTS
Examples of the temporal evolution of the OH LIF signal following 248 nm photolysis of (CH 3 ) 3 COOH in the presence of ethanol and propan-2-ol are shown in Figure 1 , together with non-linear least squares fits of (E1) to the data which yielded k obs . Experiments were repeated for a variety of concentrations of either ethanol or propan-2-ol, and Figure 2 shows the variation of k obs with [alcohol], the gradients of which yield the bimolecular rate coefficients. The rate coefficients obtained in this study are summarized in Table 1 , and the temperature dependence of k OH + ethanol and k OH + propan-2-ol are shown in Figure 3 . The rate coefficient for the reaction of OH + ethanol measured at 56 K is found to be a factor of 18 higher than the value reported at 293 K by
Hess and Tully, 24 signifying a strong inverse temperature dependence at lower temperatures. The rate coefficient for OH + propan-2-ol is also found to exhibit a notable inverse temperature dependence below 240 K, as shown in Figure 1 (b), increasing by around an order of magnitude between 296 and 88 K. 5 The rate coefficients k OH + ethanol and k OH + propan-2-ol were measured over a range of total bath gas densities and, in contrast to the reaction of OH with methanol, 17 the measured rate coefficients demonstrate a pressure dependence at the low temperatures studied in this work, as shown in Figure 4 . DISCUSSION Figure 5 shows the generic potential energy surface of the reaction of OH with ethanol or propan-2-ol, based on calculations reported in the literature, from which it can be seen that a weakly bound complex (between~18-27 kJmol -1 ) is formed prior to any barrier to abstraction. [18] [19] [20] . The overall reaction (R1) can be described by an extended-Hinshelwood type mechanism:
The enhancement in the rate coefficient k1 with total gas density shown in Figure 4 is a result of the increasing collisional stabilization of the complex. From this scheme, the rate of change of OH and the complex are given by:
Applying the steady state approximation to the complex gives:
and hence:
The experimental rate law for the loss of OH via reaction with ROH is defined by;
and comparing terms with E6 leads to:
which is equivalent to:
The expression E8 enables the Lindemann-Hinshelwood parameters to be obtained by fitting to Table 2 .
From Figure 4 it can be seen that at low temperatures the rate coefficient extrapolated to
[M]=0 is significant, indicative of a pressure independent product channel. In the case of ethanol, for which all product channels proceed via a significant activation barrier, this provides evidence for quantum mechanical tunneling, as observed for methanol. 17 For propan-2-ol, although the abstraction channel R3b is calculated to be barrierless 20 , and hence could proceed at very low temperatures, the rate coefficient between 250 -750 K is only~510 -12 cm 3 molecule -1 s -1 (see Figure 3 ) and relatively independent of temperature, whereas as shown in Figure 4 , the intercept at [M] =0 for 89 K gives a value that is almost 10 times higher. This finding provides evidence for a further mechanism that is operating at very low temperatures, namely the formation of a longer-lived complex which facilitates quantum mechanical tunneling, as observed for
OH+methanol. , and when there is a barrier to forming products, k r , and hence k 1 will be small, even though k-a will decrease significantly at low temperatures.
However, when quantum mechanical tunneling is significant (for example in hydrogen transfer reactions such as these), the value of kr is significant and hence at low temperatures the value of k 1 can increase significantly. The pressure independent rate coefficient, estimated by fitting E8 to the experimental data as shown in Figure 4 , is significantly larger at~82-89 K for ethanol compared with~133-148 K, consistent with this mechanism. Although at~54-56 K there are only two data points which overlap within experimental uncertainties, there is evidence for a larger pressure independent rate coefficient.
At high temperatures where there is sufficient energy to surmount the barrier to reaction, there is rapid formation (R1a) and dissociation (R1b) of the complex and so the bottleneck for reaction (R1d) is location at the barrier itself. The complex has a short lifetime and collisional stabilization is not able to compete with dissociation, and consequently only the pressure independent abstraction channel (R1d) is observed. Only at low temperatures is sufficiently reduced such that the lifetime of the complex is long enough for collisional stabilization to compete with dissociation. 15, 28, 29 The magnitude of the pressure independent, bimolecular rate coefficient (the intercepts of Figures 4(a) and (b)) increases gradually towards the gas kinetic limit for this reaction as the temperature is lowered. However, as the temperature is lowered, the complex can also be collisionally stabilized into the pre-barrier well, and this stabilization channel is competitive with the bimolecular channel. As the pressure is increased, the role of collisional stabilization becomes more important, whereas that of the bimolecular channel diminishes, as illustrated in Figure 6 .
In the case of OH + propan-2-ol, the bimolecular abstraction reaction can occur via a submerged barrier for channel R3b. 20 The observed increase in the rate coefficient for this bimolecular channel at low temperatures is due to the reduction in (R1b) and hence an extended complex lifetime with decreasing temperature , resulting in a higher probability of the complex proceeding to products either via the submerged barrier or by tunneling through one of the other barriers to hydrogen abstraction. Furthermore, the lifetime of the complex is sufficiently long that collisional stabilization is competitive, as evident from Figure 4 (b).
In the case of the ethanol system, there is uncertainty in the literature as to whether the lowest barrier to H-abstraction (R2b) is submerged or not. Work by Sivaramakrishnan et al. 19 at the At higher temperatures, where there is sufficient energy to surmount the barriers to reaction, the contribution from quantum mechanical tunneling is reduced and the relative heights of the barriers to hydrogen atom abstraction from the different moieties on ethanol or propan-2-ol influence the branching ratios of the products. However, at low temperatures when the quantum mechanical tunneling mechanism dominates reaction, the product branching ratios are predominantly influenced by the shape of the vibrationally adiabatic reaction path, in other words, the barrier widths. 17, 30, 31 Therefore, in the case of OH + ethanol it is likely that hydrogen atom abstraction process is not occurring through the lowest energy barrier, which corresponds to abstraction from the CH 2 moiety (R2b) to form CH 3 CHOH, but instead through the barrier which has the largest imaginary frequency (~2300-2900 cm -1 ), which is abstraction from the hydroxyl group (R2c) resulting in ethoxy radical formation, CH 3 CH 2 O. [18] [19] [20] Although this channel has been experimentally and theoretically determined to be relatively inactive at ambient temperatures, 6, 19 our previous work on the OH + methanol reaction has shown that abstraction via the barrier with the largest imaginary frequency (also the OH group, to form CH 3 O)
dominates at low temperatures. 17 An unsuccessful attempt has been made in this work to detect the analogous CH 3 CH 2 O radical product of this abstraction channel via laser-induced fluorescence spectroscopy. We postulate that the inability to observe this product is in part due to fast secondary reactions of the CH 3 CH 2 O radical with other radicals such as OH and H, which were abundant in the experiments where product detection was attempted, resulting in chemiluminescence which obscured the laser induced fluorescence signal.
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Although there is a barrierless abstraction channel for the OH + propan-2-ol reaction (R3b), quantum mechanical tunneling through the barrier associated with abstraction from the OH group of propanol-2-ol (R3c) may be competitive at low temperatures, due to the high imaginary frequency. 20 Consequently, the distribution of products at low temperatures may differ from the room temperature branching ratios. The pressure independent rate coefficients for the reactions of OH with ethanol and propan-2-ol increase by around a factor of 8 between 298 and 84 K, obtained from extrapolations of the Lindemann-Hinshelwood fits to [M]=0 and corresponding to the product formation channels. These product channels are of potential relevance to star forming regions and molecular clouds in the interstellar medium as the low gas density (~10 2 -10 4 molecule cm -3 ) in these environments means that collisions are very infrequent and hence collisional stabilization of the complex (R1c) is precluded. 10 For the mechanism outlined above,
and hence at the very low temperatures present in these regions, when k -a  0, k 1 = k a and the bimolecular reaction to form products will be encounter controlled and approach the gas kinetic limit. Hence reactions of this type, involving the formation of prebarrier hydrogen-bonded complexes, may be important in these interstellar environments.
CONCLUSIONS
Rate coefficients for the reaction of OH with ethanol and propan-2-ol were observed to increase significantly at very low temperatures, and measurements of the rate coefficients across a range of pressures enabled demonstration of a significant reaction occurring at zero-pressure.
These results support our previous work on reactions of OH with oxygenated VOCs, and provide further evidence for a mechanism involving the formation of a weakly bound hydrogen-bonded complex, the lifetime of which is significantly extended at low temperatures, increasing the rate coefficient. 14, 17, 22 Furthermore, the formation of the longer-lived complex at low temperature enhances the probability of hydrogen atom transfer via quantum mechanical tunneling to form products. It is postulated that this mechanism may be general for reactions of OH with oxygenated volatile compounds, and that these reactions should be considered in networks describing the chemistry of the interstellar medium. Further theoretical work is required to calculate the low temperature rate coefficients and product branching ratios of these types of reactions.
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